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A Introduction
ABackground
APrincipIes of higinesolution Xray diffraction (HRXRD)

Alnstrumentation

ADiffraction geometries

A Measurements of epitaxial thihlms
A Reciprocal space and reciprocal space maps (RSMs)

RSMdrom epitaxial thirfilms
RSMs fronpatterned epitaxial nanostructures

A Synchrotron studies
A Conclusions
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Jordan Valleyoverview
-

A Jordan Valley Semiconductors (JVS) develops and

manufactures Xay based IHine metrology and
Inspection solutions for the semiconductor industry

A Provide innovative solutions for a wide variety of
materials, process and structure challenges

ARange of Xay techniques including: XRF, XRR,
(HR)XRD and XRDI

ATools provide fully automated measurements,
analysis and reporting and support semiconductor
production and R&D activities worldwide i

N
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Jordan Valley overview (cont.) -
IIV

A Private company
AEstainshed 1982, HQ In Israel

AGlobal presence

A > 180 employees
A Manufacturing and demo sites (Israel & UK)

A Local sales & support offices in strategic locations
(US, Talwan, Korea, Singapore, Europe)
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Silicon semiconductor metrology tools

T
JVX7300LSI

A Tools:JVX7300 series
A channelsXRE, XRR and HRXRD

Applications
0 7300HRSIGe& Si:Con bulk or
(FD)SOI, various ALD films, HKMi

stackssilicide
ﬁ-‘-l@&_, |

o 7300LSI: Ge and IlI/V on Si for
sub-10nm, HKMGFInFETSs

GaNon-Si MEMS
o0 7300F(R): Metal / magnetic films, WLP q

o 7300G: Ultrahin films and 3D devices

A Inline tools for silicon semiconductor
device manufacturers for process control

of product wafers
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What can HRXRD give us, who uses it

and for what?
]

AHighresqution Xray diffraction (HRXRD) provides a
wealth of information about epitaxial materials

Crystal lattice misfit/strain, tilt andefectivityk Ij dzl £ A § &
AComposition and thickness of planar films
AShape and lattice distortion in patterned structures

Altis firstprinciples (no calibration) and nen |
destructive characterization and metrology technique

Does not require material/process dependent optical
constants

AAccurate and precise with very few assumptions

AHas been used for 30+ years in the compound
semiconductor industry for a wide range of materials:

(ILV, linitride, I+ L X0 | Y R RS@AO%%

RSUSOG2NRARXDO 5

I

N7

N
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What can HRXRD give us, who uses it AWHORDA

and for what (cont.)? N
—— - T —

A Introduced into the Si Industry
with strain engineering for IMEC LOGIC DEVICE ROADMAP
xb.loo Nm |0g|C deV|CeS Vg 1.0-1.1V 0.9-1.0V 0.8-0.9V 0.7-0.8V  0.6-0.7V 0.5-0.6V < 0.5V
[ Fully-depleted Band- Novel Materials/

Strain &
Engineered New Transport/

EpitaxialSIGeS/D stressors for [kl kg
Stack Engineering | Improved Channel for Extreme

PMOS mobility enhancement Fecrestaie | ramaport o |
Transport Aro ntim)
High-MobIty Nan ‘]'V‘FET’ 2D Material ,f,’an";"ﬂ"es

AlsoSi:C Si:PS/D stressors for el ICEEmesen 5 =
NMOS, but less widespread . S0 ? "

A Used forR&D, CVD chamber [ga
gual., process diagnostics /

= | (siGe,Gev) . . ;(B“”“A

ramp and iAline metrology  reede som =~ m e
Solid metrology padkess W GNee e O
r Ievant / nOt avallable ::nzattel:::ltzﬁzc:z:it‘:;::tgu‘:: ;a;:‘\?a:igen:?:‘:\::ﬁ:z(::fw::tinual scaling
Transition from planar to 3D SourceA.Steegell 4 [ 2340 { OF £ AN
(FinFE)rdEViCGS IMEC Technology Forum US (July 2013) |
Novel channel materials, il
e.g.SiGe Ge and KV for sub o
10 nm nodes s iR
s o
S
8
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Principle of Xray diffraction based T i
stress/strain analysis KN
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Stressfree 3] |
crystal £ :
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AXNI & RATFTTFNI OQiAz2y dzasSa GKS Ob
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A Therelation between the lattice parameter and diffractiamgle =

B
o

Ad RSTAYSR qo@®EL N#133Qa (1 62 =
A Most sensitive stress/strain analysis method for semi. (ITR?
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A Epitaxial films and structures have a high degree of
crystalline perfection

A The features (peaks and interference fringes) in the
diffracted Xray intensity fromepilayersubstrate material
systems are very closely spaced

X\angular range of a few degrees at most

A Highresolution is needed to resolve these features
yaQ v Y—
Q 1 OA+

A Highresolution usually means highly collimated and é

s
&
<2

monochromatic Xay beams and precise goniometry -

S
. '{ Sor.
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High resolution XRD setups = s
N
Xray tube // \\'\\
Conditioning Slits
crystal I \
. S“ts/ \\\ \ Detector
|

Mirror

.

A Most common setupses goarallel beam and point (OD) detectc
ASource and detector angles scanned using a motorized goniometer £
fﬁ?f ':‘,-;

ALarge (mm) and small (~50 um) spot configurations are available
A JValsodevelopedan innovative smalspot, focused beam HRX§

approach for fast iine measurements
11
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Common Bragg diffraction geometries and

anatomy of a HRXRD curve
7

/H
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Symmetric geometry

10°
) Substrate
]
2 s peak
c
>
. 4
o 10 Layer
\‘E 10° peak
Asymmetric geometries ?’ » Fringes
c / 1\
[B)
= 10t
= = .
— —= 20 15 10 -05 00 05 1.0
Glancing Glancing . (deg)
Incidence exit

A Symmetric Bragg geometry is sensitive to lattice parameter
perpendicular to the surface

both parallel and perpendicular to the surface

April 14, 2015 Frontiers of Characterization and Metrology féanoelectronic2015 12



. Measurement
Simulation

Intensity (arb. units)

w-26 (deg.)

Symmetric 004 reflection from 22rém
epitaxial film of Si,Ge with x=49% on a
Si(00) substrate

A Composition / strain
determined from measured
lattice misfit

A Misfit normal to surface
from layer peak position
YarQ ¥ AifO
A Thickness from interference
fringe period
o 17¢Yy AQ )
A No dependence on uncer,)
materials parameters e -

N
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Example: Fully straine&i.Cepilayer

Intensity (arb. units)

Measurement
Simulation

w-20 (deg.)

Symmetric 004 reflection from a 101.1 nm
epitaxial film of $i,C with incorporated
x = 1.4%0on a Si(00}lsubstrate

Frontiers of Characterization and Metrology féanoelectronic2015

QWJORDAN

W,

N\
I

Q

N

A Si:Cand Si:Pcan be use@s
source/drain stressors for
NMOSransistors

AComposition and thickness
metrology possible using
HRXRD due large strain

A Metrology ischallenging
using SE because of very
low concentrations




More complexSiGeSi examples = s
NS
T
| NIST SRM2000 standard: |
% 23.7nm Sif 48.2nm A More complex stacks give
s, Si0.84Ge0.16 on Si(001) ] i
rise to more complex
s interference effects
A Measured data can be
O e ; automatically fit to
S T R dynamical Xay diffraction
N theory by refining the
1055_ Periodicsuperlatticestructure: . parameters Of a Structural
© [8.2nm §j Ge, ./ 22.4nm Si| 5 ?

b onasSi(001) substrate model|

Intensity (arb. units)
(=3 (=3 [
< < 2

S R e

=
o
™
T

100 L : L L 1 L L I 1 L L L 1 L L L 1 I L L 1 L L L 1 L L L 1 L
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

w-20 (deg.)
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Lattice deformation in epitaxial thiAfilms = <
NN
I — I .
AlftheIatticemismatchtothe

© €6 6 66 6 66 6 6 6 ¢ ¢ ¢ ¢

substrate and/or thickness is small, *

© € 6 6 6 6 6 6 6 ¢ 6 6 ¢ ¢ ¢ ¢

then anepilayercan be strained SO ¢cccccccccccceces

e € 6 66 6 66 66 66 ¢ ¢ ¢ ¢ ¢

that the inplane lattice parameter ccccceccccoccccses

is equal to that of the substrate 000000008000000:
(fully strained) 100000000808 080088:

ATetragonaI distortion of the unit cell

A For large mismatch or thickness, it. § t LT r I IT I
may become energetically 0000000088088
favorable to relax 660666 PP AN

¢ € ¢ 6 ¢ ¢ ® € ®

ACreation of dislocations and/or 666666 o ¢
roughening ¢66oee ¢e ¢

~ , , ¢ 6 ¢ 6 ¢ ¢ ® (3

X YZ2NB 2y UKAa tlFussseeecoscype ¢

Misfit
dislocations
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Comparison oHRXRDlata from strained B R
and relaxedSiGeepilayers EIN

Fully strained layer

A Degradation of device o
performance and yield loss =/
AReIaxed material has about g0

50% less strain than a T
pseudomorphidayer 0+
AReIaxed material will contain 0+
dislocations at the interface 00 250 2000 IS0 Ao S0 0 S0 100
and in the layer- increased

leakage? | Partially relaxed layer w

A HRXRD provides a unique, =
automated solution for strain z¢ - No interference fringes )
GCNRLFYIdzf F NE f[ile$

metrology and assessment of =

lattice defectivity 0t

10

-7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000
OMEGA2THETA (arcsec)
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Diffraction in reciprocal space QWJORDAN VALLEY
Ewald sphere and Laue condition

N
20

N
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A Scattering vectofE T e T has magnitudd’d cOE+ ¢“j)
A Reciprocal lattice vectd® has magnituddé ¢“]Q §

. - AR = 7 - *{Q
A Lauecondition'E ¢ A& SEI OGf & Sl dzA gt € S 36:--_;
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Fast reciprocal spacemapping- FastRSMs

R
X-ray tube / - \
Conditioning ‘
crystal — ,\
| - .. ,ff/luS/ \\‘\\ Iaiarlii;or
\l Ii E—— : |
I"‘.‘ '\\ Sample //' ;“I
A Linear (1D) detector replaces analyzer crystal / slits and point (OD) detectt
and allows routine RSMs to be measured in the fab
A{ AYdzZ GFyS2dzaf e AyiaSyaariae I Oljdzh aad
A x10-100 faster than conventional approach (minutes not hours) 7@
A Provides more information than available by single HRXRD curves ’%
A AutomatedRSM analysi®r epi. process development armmbntrol of thmof
19

films and patterned nanostructures
Frontiers of Characterization and Metrology féanoelectronic2015



RSMs from fully strained epitaxial th#ilms

4.05
4.04
4.03
4.02
4.01
4.00
3.99
g 3.98
— 3497
3.96
3.85
3.04
3.93
3.92
3.91
3.90

-0.01

April 14, 2015

37.6 nm §j5,Ge, ;o0n Si(001)
113ge

004

1.000
h [110]

0.990 0.995

0.00 0.01

h [110]

1.005

1.010
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A Layer peak position gives
the lattice parameters
Y& ke Y0j 0
Yod & YQGO
A Composition and
relaxation can be obtained

A Peak in the asymmetric
RSMis locatedatH =1
Indicating the layer is fully
strained (0 i © )

A Thickness fringes are =
visible in the L direction &

s /571

(¥} y o,

\ e [AY é?,

09 piYu o
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RSMs fronrelaxedepitaxial thin-films

Substrate

~35 Nm 366, .- (R= 70%) or5i(001)
2249e

004

Si

190 182 104 186 198 200 202 204
h[110]

0.04 002 000 002 004

indicating relaxation(®w

W )
A Peak is broadened due to dislocationsO 70 oy %k , :
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April 14, 2015



RSMs from strained thifilms on
strain relaxed buffers (SRBs)

4.04
4.02
4.00
3.98
3.96
3.94
3.92
3.90
3.88
—3.86
8
=384
382
3.80
3.78
376
374
3.72
3.70
368
3.56

-0.04 -0.02 0.00 0.02 .04

Ge) g0, 11/ Ge onSi(001)
004

h[110]
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2249e

|
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]
b |
1
1
1
4
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A Ge peak is shifted away
from H < 2 in the
asymmetric 224ge map
Indicating relaxation
W ©)

A GeSmpeak is not shifted
iIn Hwrt to Ge peak
W B )

A Composition and

relaxation of each layer
can be obtained

-

1.90 1.85 g
h[110]
Frontiers of Characterization and Metrology féanoelectronic2015 22
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Patterned epitaxial nanostructures

L
A In blanket epitaxyouhave _

simple biaxial stress

ABIanket pads are less releva -
and / or no longer available |

A In epitaxial nanostructures -

you have
AMicro-Ioading effects in o
selective growth . !

A Stressstate isfar more

complex,i.e.elastic
relaxation of the epi and

&0 4 ey T

distortion of the substrate
lattice

Frontiers of Characterization and Metrology féanoelectronic2015
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RSM from Si fins made using spacer doublea

patterning (SDP) lithography KN
4020 \Q\,
4015 ,.\'\'\Q\
-0.05 -0.04 -0.03 -0.02 -0.01 Hi:)l(;OO] 0.01 0.02 0.03 0.04 0.05
A Fins act as a diffraction grating® pIYO T& 1@ nm |
/'g
A X-pattern is characteristic of trapezoidal features, w pJ et
7?
A Evidence of significant pitch walking error from SDP lithography: /f?
<7
AStrong halforder GTR peaks (corresponds to 2 x pit¥h), v @ nm-
24
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RSMs from epitaxiabiGefins G
Symmetric 004 reflection KN
1 |

/Si .

T~ sice—

i~
a

A H-spacing of the GTRs gives the pitch, T qim
A Components of the strain tensor can be determined from intel
envelopes by measuring asymmetric reflection at different azir
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